Abstract: Transport properties of mortar exposed to salt solution are fundamental information for understanding the durability of mortar. In this paper, change in moisture uptake behaviors due to sodium chloride (NaCl) contamination was studied. To understand the salt contamination effect, mortar samples with different water-to-cement ratios (w/c) in meso scale were immersed into deionized (DI) water, intermediate (3%wt), and high (20%wt) concentration of NaCl solutions for three days. After immersion, the re-dried samples were sequentially immersed in DI water at room temperature for seven days. Based on the test results, two-stage solution diffusion model was developed, which can describe the solution absorption process efficiently. The salt contamination may be due to calcium (Ca 2+ ) leaching and salt crystallization. As found, when exposed to low concentration NaCl solution, the diffusivity of mortar would increase due to faster Ca 2+ leaching. However, for high concentration NaCl solution, it would be reduced since pores filled by crystallized salt have dominant effect in this case. The salt crystallization mainly occurs at small pores because there is little difference at initial absorption but the difference becomes significant for long time absorption.
Introduction
In cold and wet regions, frost damage of concrete is an important durability issue to concern, especially for the concrete structures exposed to deicing agents in winter [1] . In order to predict the service life of concrete structures exposed to frost action, water transport properties were used as an index [2] . However, when the concrete is contaminated by the deicing salt, the transport properties of concrete would be very different with the one exposed to frost action only [3, 4] . Thus, the transport properties of concrete exposed to deicing agent need further investigation [5] .
When the chloride ion penetrates into concrete, on one hand, it binds to cement pastes by chemical reactions (salt crystallization) and physical adsorption [6, 7] . The salt crystallization increases solids volume because the formation of Friedel's salt filling the voids may induce expansion [8] and consequently alters the pores diameter of mortar [9] . On the other hand, when the concrete is exposed to salt solution, calcium hydroxide in concrete may dissolve into solution and leach out. In particular, with the presence of sodium chloride (NaCl), the process of calcium (Ca 2+ ) leaching may be accelerated and the porosity will increase correspondingly [10] . Since the rate of liquid absorption is related to the diameter of each pore [11] [12] [13] , if the pore diameter changed due to the salt crystallization or Ca 2+ leaching, the solution transport will be affected. Therefore, by analyzing the liquid absorption, the salt effect on pore characteristics of concrete may be clarified.
Researchers have studied the liquid absorption for decades because it is an important parameter for durability of concrete [14, 15] . Since the liquid absorption test was mainly conducted in macro scale [16, 17] , for the salt solution absorption, the pore solution concentration may vary from surface to depth of concrete [18] , which makes the salt crystallization effect on transport properties difficult to understand. So the specimen in small size is a good option for this study, but there are few studies concerning on the small scale. Although Macinnis and Nathawad [19] developed meso-scale solution absorption testing method, their purpose 1 was to measure the absorptivity and permeability of concrete. The absorption process difference with different concentration NaCl solutions was described, however, how the micro characteristics had been changed with different NaCl solutions and how the Ca 2+ leaching and salt crystallization would affect transport properties of concrete were still not clarified.
In this paper, the main purpose is to understand how the combined salt crystallization and Ca 2+ leaching alter the pore characteristics of mortar with different concentrations of NaCl solutions and then influence the water transport. Since the coarse aggregate has rather low permeability, the transport properties of concrete are mainly determined by mortar. The experimentation was conducted in meso-scale. In the meso-scale, which is in the order of five millimeters, the pore solution concentration in mortar could be considered as uniform [1] , thus the salt effect can be analyzed by comparing the results of absorption of NaCl solutions and reabsorption of deionized (DI) water. Based on the solution properties analysis and the proposed liquid transport model, the effect of salt crystallization and Ca 2+ leaching to pore characteristics of mortar can be analyzed separately. The analyzed results such as relative absorbed water, matrix mass change, and diffusivity change are discussed in detail in this paper.
Test programs
To understand the pore characteristics and transport properties change due to combined Ca 2+ leaching and salt crystallization, the absorption test was adopted in this study by applying gravimetry. The microstructural alterations due to Friedel's salt formation and calcium leaching were observed through SEM images by Liu et al. [9] . In their study, immersed in DI water, the pore size of concrete increased due to calcium leaching, while it decreased with 5% (by wt.) NaCl solution because of formation of Friedel's salt. The research has qualitatively provided the information of microstructural alterations due to NaCl existence, and their results are consistent with our findings. Therefore, the SEM observation was not carried out in this study.
Specimen and solution preparation
Mortar specimens were used in this experimental program. The materials used were ordinary Portland cement with density of 3.16 g/cm 3 and fine aggregate which is 1.2 mm or less in size with density of 2.67 g/cm 3 without air entraining agent. Mix proportions are based on ACI 211.1 [20] , as shown in Table 1 with different water-to-cement ratios (w/c). The materials were mixed properly, and then cast into 4040160 mm form and cured for 24 hours prior to removing the form. Once demolded, specimens were cured under water for 90 days at the temperature of 20 to 23°C. After curing, specimens were cut into meso-scale size of 70305 mm for absorption test. As can be seen in Fig. 1(d) , the surface of mortar was removed and the core part was used for test. In this case, the property of samples can be assumed uniform. The details of preparation of specimens can be seen in Fig. 1 . To obtain dry condition, specimens were put inside of oven for 24 hours at 105°C to remove evaporable water. After drying, they were sealed with saran carefully to prevent moisture transfer until measuring their weight under normal temperature and vacuumed chamber was used to store the dried specimens for test.
In order to get fully resolved solutions, the NaCl solute was stirred properly with deionized water in plastic container with volume of 4 liters. Sodium chloride solutions of 0, 3%, and 20% by mass concentration were prepared 24 hours before testing.
The density and porosity of mortar were measured gravimetrically by immersing samples into DI water. First of all, the samples were dried by oven at 105°C and the mass was measured at normal temperature. Then the samples and DI water were put into vacuum desiccator separately for 15 minutes to remove the air inside of samples and DI water. After that, the samples were immersed into the DI water in a container. They were continuously staying in the vacuum desiccator for one hour until they were moved out, sealed and placed at room temperature of 20 to 23°C. After immersing for 7 days, it was assumed that the samples were fully saturated and then mass was measured. The apparent volume of samples was obtained by suspending the sample into DI water. When the samples are suspended in the water, the measured mass change of water container (before and after immersion of the sample in the water) is equal to the mass of water flow away and this amount of water volume is the same as apparent volume of sample (apparent volume means including the pore inside since they were filled with water beforehand). Finally, the porosity and bulk dry density of samples were calculated based on the measured mass and volumes. Skeletal density was also calculated with porosity and bulk dry density subsequently. The results are presented in Table 1 . The test performed and number of specimens is summarized in Table 2 . 
Absorption test procedures
Firstly, the dried weights of specimens were measured with a scale while the accuracy was 0.1 mg. During the first one minute, the specimen was grasped by a tweezer. By doing so the specimen could be fixed to a certain place and easily taken out from solution. As a result, the time of specimen immersed in solutions can be exact as designed (see Fig. 2(a) ). The first minute is highlighted because the immersion time at the initial stage is very sensitive to the absorption results. Based on the understanding of solution absorption [21] , the interval time of measurement is not constant, but increasing with absorption period (3s, 6s, 10s, 15s, 30s, and 1 minute) since the solution absorption rate is not constant. After taking the specimen out of solution, the surface moisture of specimen was removed rapidly with paper towel and put on the scale to measure its weight immediately. To eliminate the effect of moisture evaporation, the whole measurement process took less than 30 seconds. Since the sample was in meso-scale, though the evaporated water amount was small, it may be sensitive to the initial absorption results. When the absorption period was more than one minute, the specimen was put into solution with settled position by spacer. The measurement would continue with the steps described above except the interval time changes with the absorption period to 2, 3, 5, 10, 15, 20, 30, 40, 60 minutes, 8 hours and 1,2,3 days. In total, nine specimens (three of each for three different w/c) were tested in one container. The volume ratio of solution to samples was controlled over 40:1 as shown in Fig. 2 
(b).
After three days of absorption, the specimens were surface-dried by paper towel, and again put into oven for 24 hours at 105°C for drying. When they were taken out of oven, again, the saran was used to prevent moisture transfer. Once the specimen's temperature decreased to normal temperature, the dry weight of dried specimens was measured again. As a result, the mass change of dry weight and water loss during drying was obtained. Containers of deionized water were prepared for reabsorption. Regardless of DI water or NaCl solutions absorbed in the first stage, all the specimens were put into DI water for reabsorption. In this case, the difference in pore size distribution due to crystallization could be compared. Considering the possibility of ionic exchange during the reabsorption, the process was prolonged to seven days to observe the moisture transfer equilibrium.
Theoretical background

Two-stage absorption model
For one-dimensional liquid absorption, typically, the sorptivity of the sample can be obtained by fitting the following equation [12] : (1) where W is the volume of water absorbed, A is the cross-sectional area of the water exposed surface, C is the constant related to the distance of initial sorption, S g0 is the coefficient for the relaxation effect, S is the sorptivity and S 0 is the constant for initial water content.
For the long time absorption, the water absorption is dominated by the S g0 t 1/2 term [12] . The relaxation effect means that, after bulk water absorption, the air voids in small pores flow out and the pore characteristics may be changed due to Ca 2+ leaching and salt crystallization, which may promote further water ingress. However, these phenomena can also occur during the bulk water absorption, and they are related to the degree of saturation. Therefore, to have more accurate prediction, the coefficient of relaxation effect should be modified to consider the bulk water absorption, as below.
However, for three-dimensional liquid absorption, the model is supposed to be modified based on the water absorption capacity to consider the size of samples and it may be determined by the dried mass of the sample as follows:
where m is the mass of specimen having absorbed solution and m d is the mass of dried specimen.
In three dimensions, the liquid exposed area could be considered as the exposed sample volume. If the sample is initially dried, the constant for initial water content S 0 is equal to zero. So Eq. (1) can be transformed to Eq. (4). where V is the apparent volume of the sample (the volume including the pore voids),  l is the density of solution,  b is the bulk dry density of sample S g is the modified coefficient for relaxation effect and h is the thickness of the sample.
Combing Eqs. (3) and (4) yields Eq. (5).
Besides, a more general parameter to evaluate the moisture transport is the apparent moisture diffusivity D 0 , which can be estimated based on normalized sorptivity s [18] .
where m sat is the mass of saturated sample.
After the initial sorption, the capillary pores are fully filled by solution. The sample is in a quasiequilibrium condition, in which almost all the pores are occupied by liquid except small pores filled by air, so that the sample is very close to full saturation and the liquid absorption rate becomes almost zero at that condition. It is reasonable to define the quasi-equilibrium solution uptake as follows:
where m' sat is the mass of quasi-saturated sample.
Therefore, the solution uptake could be described with the following two-stage model.
However, for different concentration solution, the solution mass gain may not show the transport characteristics very clearly. It is more realistic to normalize the solution uptake amount as Eq. (11).
where Q is the volume ratio of liquid volume to apparent volume of sample and V l is the volume of liquid.
Relative sorptivity
Liquid absorption in mortar is mainly depending on liquid properties and pore structures. If the liquid properties change with solution concentration and temperature is known, the analysis of pore structure can be achieved based on the liquid absorption phenomenon.
For NaCl solution, three properties which may affect the solution absorption are surface tension, viscosity, and density. Besides, all of them are sensitive to the solution concentration and temperature. Therefore, the relationships between the three solution properties and coupled concentration and temperature effect are supposed to be developed. Then the solution absorption with different concentration solutions and temperatures can be clarified and the salt crystallization can also be analyzed.
Surface tension of NaCl solution has been studied by Villani et al. [22] . By regressing the experimental results, they fitted the parameters of a semiempirical formulation proposed by Szyszkowski to calculate the surface tension with temperature and concentration as Eq. (12) In the above equation, the effect of temperature on the surface tension of water is still not clear. The relationship between surface tension of water and temperature can be as Eötvös rule [24] . 
From the test results of Villani et al. [22] , E a is the activation energy which is around 20.9kJ/mol for NaCl solution. R g is the universal gas constant (8.314 J/K/mol), and the parameter A is a constant changing with concentration of NaCl. For the same concentration solution, the viscosity may be predicted based on the viscosity at reference temperature from Eq. (17): (17) where  0 is the viscosity at reference temperature T 0 .
Therefore, the viscosity of salt solutions with temperature and concentration change can be derived as follows: water,T0 is the viscosity of pure water at the reference temperature. From Wikipedia [25] , at 25°C, the viscosity of water is 8.9410 -4 Pa·s. Based on Eq. (18), the viscosity is predicted as shown in Fig. 3(b) . (19) Following Hall and Hoff [27] , if samples share the same pore structure, then the solution absorption would vary with the ratio of surface tension and viscosity. So the relative sorptivity can be defined as /, which is shown in Fig. 4 . The relative sorptivity changes with temperature and concentration and it may reach the maximum value at intermediate concentration (3% to 10% by mass).
Results and discussions
Absorbed water content during the first absorption
After 3 days immersion into solutions, the water absorbed was measured by gravimetrical method. Theoretically, if there is no Ca 2+ leaching and salt crystallization, the absorbed water content can be calculated based on total amount of absorbed solution and the concentration of pore solution. The total amount of absorbed solution can be known with the difference between the mass at full saturation and initial dried samples. Since the sample size is in meso scale in this study, the concentration of pore solution can be considered as the same with surrounding environment (solution concentration to which the sample was exposed). Therefore, the absorbed water amount could be normalized to the dried mass of sample as Eq. (3), and the normalized absorbed water will be as follows:
where q max is the maximum normalized solution uptake.
Due to the possible Ca 2+ leaching, the absorbed water content is not equal to the difference between the initial dried sample mass and saturated sample mass. Instead, it is more reasonable to calculate the absorbed water based on the difference between the re-dried sample mass and the saturated sample mass, considering the water absorption capacity difference, it can be normalized as below:
where m dre is the re-dried mass of sample.
As shown in Fig. 5 , samples exposed to DI water show that the absorbed water amount calculated by Eq. (21) is higher than the amount by Eq. (20) , which means part of mortar matrix was replaced by water due to Ca 2+ leaching. Clearly, samples exposed to 3% NaCl solution also show the tendency, in this case, the matrix mass change is dominated by Ca 2+ leaching although it is coexisting with salt crystallization. However, samples exposed to 20% NaCl solution show different tendency compared with the two cases mentioned above except the w/c=0.3 case. This can be explained by the filling of pores by crystallized salt since the amount of crystallized salt increases with the increase of concentration of solution. However, due to the less porous media in samples with w/c=0.3, the specific surface area is limited for salt crystallization to occur. As a result, the effect of salt crystallization cannot compensate the effect of leaching in the case of w/c=0.3. Also, it is interesting to note that the actual absorbed water content in samples exposed to high concentration solution is much lower than the one absorbed from DI water, which means that samples saturated with higher concentration solution may suffer from smaller internal stress induced by ice expansion. However, for intermediate concentration case (3% NaCl), in terms of absorbed water amount, there is no big difference compared with DI water. If the temperature decreases to subzero, the water would form ice and the expansion could induce internal pressures to cause micro cracks and then macro cracks. At low temperature, the solubility of calcium hydroxide would be higher than at normal temperature since it increases with decreasing temperature. In this case, NaCl may react with the calcium hydroxide to form Friedel's salt. Because of the expansion of Friedel' salt, additional pressures will be induced. Therefore, the internal pressure due to the combined ice formation and salt crystallization during freezing is more severe than the pressure induced by ice formation alone in the case of DI water. This may imply the reason why the most destructive damage happens at the intermediate concentration case.
Mass change of mortar matrix after solution absorption
After the sample was exposed to solution, the mass of mortar matrix may be changed. In the case of DI water, the only possible mass change besides water uptake is the leaching of calcium hydroxide. However, for NaCl contaminated samples, in addition to the reduced mass due to leaching, the formation of salt and precipitation of NaCl can gain the mass. Since the mass increase contributed by NaCl precipitation is known, the proportion from crystallization can be estimated.
The amount of mass change can be calculated based on the difference between the initial dried mass and re-dried mass, considering the water absorption capacity difference, and it can be normalized as below. As shown in Fig. 6 , the matrix mass loss was observed in case of DI water, and the amount reduces with increasing w/c. This phenomenon is corresponding to the amount of absorbed water and the reason is due to Ca 2+ leaching as explained in section 4.1. With increasing solution concentration, the mass change increases gradually. It seems that the mass change tendency of the 3% NaCl case is from negative to positive with increasing w/c, 8 which may indicate that the amount of crystallized salt is increasing with the porosity. More importantly, for the case of 20% NaCl, the mass change value from Eq. (22) is higher than the value from Eq. (23) for the case of w/c=0.5 and 0.7. It proves that there is formation of new salts (eg. Friedel's salt), which increased the matrix mass of sample in addition to NaCl precipitation. The difference between the two results could be contributed to the newly formed salt (eg. Friedel's salt), and it is found that the amount of the salt is even higher than the precipitation of NaCl. In addition, it is worth noting that, for the case of w/c=0.3, the different tendency was observed. This implies that even under high concentration, the Ca 2+ leaching phenomenon is still happening. Therefore, the actual crystalized salt amount is greater than the estimation and this amount of salt may have expansion enough to cause damage in the mortar specimen.
Solution absorption and water reabsorption of sample
For a short period of immersion (1 hour), the test results of cumulative solution absorption characteristics are presented in Figs. 7 through 10 with the square root of time. While for a longer period (7 days), as shown in Fig. 11 , the absorption results are presented with the exponent of time. The absorption amount is analyzed based on Eq. (3), normalized by the dried mass of sample. As found in Fig. 7(a) , the absorption process may be divided into two stages, initial absorption and long time absorption. The differences among the two stages are more obvious in Fig. 11 . During the initial absorption, the mass of sample increased linearly and rapidly. This may be contributed by the capillary pore absorption. If the pores can be assumed to be continuous tubes for solution transport, the larger diameter can transport the solution more speedily [11] [12] [13] . For the long time absorption, it is also linear (see Fig. 11 ). The gel pore solution absorption and filling of air voids may be responsible for mass gain during this period. Due to the small size of gel pores, the solution transport inside could be rather slow, so it needs a long time to be totally filled by water. In macro scale test in a past study [17] , only the above two processes are obvious and it is a knee point that separates them. However, in meso-scale absorption test, there is no clear knee point, instead, a transition region in an exponential relationship with time was observed, which is clearly shown in Figs. 7 through 10 .
In Figures 7 through 9 , the solution absorption is related to solution mass gain. Due to the solution Table 3 . Compared with water absorption and water reabsorption curves in Fig. 7 , the slope during initial absorption becomes smaller in the reabsorption process, but the cumulative absorption leaching and it mainly affects the gel pores.
In case of 20% NaCl solution exposed samples, the reabsorption curves are very different from the samples exposed to DI water, especially for higher porosity samples. Besides, as shown in Table 3 , the fitted parameter of quasi-equilibrium solution uptake and relaxation parameter of 20% NaCl solution exposed samples are smaller while the apparent diffusion coefficient is higher except the case of w/c=0.3. Interestingly, for 3% NaCl solution, both of the apparent diffusion coefficient and relaxation parameter are the highest compared with other two solution cases. This is because the precipitated salt is insignificant to porosity alteration for the low concentration one and also the effect of leaching may compensate the effect of precipitated salt. However, the porosity is dramatically reduced for high concentration NaCl solution immersed samples, which means the leaching effect will not increase with solution concentration but the salt crystallization effect will. In addition, the porosity alteration is increasing with w/c. This is due to the possibility that more porous microstructural characteristics can promote the salt crystallization.
Conclusions
Based on the proposed two-stage NaCl solution diffusion model, experimental results of mortar solutions absorption and water reabsorption can be described well. The following conclusions can be reached.
(1) The solution transport depends on the pore characteristics of mortar. As a result, it varies with different w/c. The solution property change with solution concentration and temperature are analyzed and the relative sorptivity change with concentration is presented. The overall transport behavior difference with solute difference at 23°C can be explained by the difference in two phenomena, salt crystallization and Ca 2+ leaching.
(2) Exposure to intermediate concentration (3% by weight) solution, although the salt crystallization and Ca 2+ leaching were coexisting, the sample absorbed almost the same amount of water as DI water case. When ice formation and salt crystallization occur at subzero temperature, the expansion due to ice and salt induce internal pressures. The pressure is more severe than the pressure in the DI water case, which is induced by ice formation alone, resulting in more destructive frost damage.
(3) 1Exposure to high concentration (20% by weight) solution, the salt crystallization has greater effect on transport properties of mortar than Ca 2+ leaching. The salt fills the voids or blocks the gel pores with solution transport. Pure water 3% NaCl 20% NaCl Pure water-re 3% NaCl-re 20% NaCl-re w/c=0.7 (c) w/c=0.7 Fig. 11 -Comparison of solution absorption and water reabsorption mass in mortar within 7 days Subsequently, it reduced the further water penetration, so that the specimen would have less degree of expansion when the water transforms to ice.
(4) The rate of absorption in each stage is related to the pore diameters of mortar. By developing the model connected with pore diameter and absorption, the pore diameter change in each range may be understood accurately. This will be reported in the future study.
